Abstract. In Malaysia, 45% of the average household electricity was consumed by air conditioners to create an acceptable indoor environment. This high energy consumption was mostly related to poor thermal performance of the building envelope. Therefore, selecting a low thermal conductivity of brick wall was of considerable importance in creating energy efficient buildings. Previously, numerous researchers reported the potential used of agricultural waste as an additive in building materials to enhance their thermal properties. The aim of this study is to examine how agricultural wastes from empty fruit bunch (EFB), coconut fibre (CF) and sugarcane bagasse (SB) can act as additive agents in a fired clay brick manufacturing process to produce a low thermal conductivity clay brick. In this study, these agricultural wastes were individually mixed with clay soil in different proportions ranging from 0%, 2.5%, 5%, 7.5% and 10% by weight. Physical and mechanical properties including soil physical properties, as well as thermal conductivity were performed in accordance with BS 1377: Part 2: 1990, BS 3921: 1985 and ASTM C518. The results reveal that incorporating 5% of EFB as an additive component into the brick making process significantly enhances the production of a low thermal conductivity clay brick as compared to other waste alternatives tested. This finding suggests that EFB waste was a potential additive material to be used for the thermal property enhancement of the building envelope.
INTRODUCTION
Malaysia produces a vast amount of agricultural wastes; and agricultural wastes from sugarcane, coconut, pineapple, and banana plants are notably high [1] . Additionally, agricultural waste from oil palm is especially high since Malaysia produces about 17.7 million tons of palm oil on 4.5 million hectares of land [2] . Over half of the world's total palm oil today is derived from the oil palm industry in Malaysia. There are at least 417 productive palm oil extraction mills nationwide [2] . These mills can generate more than 12.4 million tonnes of EFB as solid waste (green weight) yearly [2] . A considerable amount of solid waste in the form of fibres, kernel shells and empty bunches discharges are produced during palm oil [3] . These wastes are simply disposed without any economic return [4] .
Meanwhile, sugarcane bagasse is a residue produced in large quantities by the sugar industry. Typically 1 tonne of sugarcane generates about 280 kg of bagasse. About 54 million dry tonnes of bags are produced annually throughout the world [5] . Sugarcane bagasse refers to the fibrous by-product residue left after the extraction of sucrose (also known as table sugar) from sugarcane. The excess baggage accumulating presents a waste problem for the sugar industry [5] . Moreover, the burning of bags will produce carbon monoxide and methane; gases that cause air pollution and will affect the people's health and well-being.
In Malaysia, one of the most important crops is coconut palm. Statistics show that total production of coconut palm increased from 512,699 metric tonne in 2006 to 555,120 metric tonne in 2008 [6] . The coir fibre is obtained from coconut husk and because of its high content of lignin, it is also one of the hardest natural fibres. These natural fibers are low in cost and are abundantly available in tropical regions [7] .
As Malaysia is located in the tropical region, the buildings are exposed to the full impact of the external temperatures and solar radiation, which affects the occupants' comfort in a negative way. Buildings are overheated during the day due to solar heat gained through the building envelope and radiant solar penetration through windows. The penetration of direct solar radiation through openings such as windows raise the indoor air temperature. Moreover, the absorption by building envelopes through conduction transfers heat into the interior space and increases the heating effects inside the buildings.
The consumption of energy for cooling the indoor environment of buildings in Malaysia is about 70% [8] . The increase in energy consumption by the residential sector is mainly because of the growing demand for airconditioning systems to provide thermal comfort for buildings' occupant's. In Malaysia, 45% of the average household electricity is consumed by air conditioners to create an acceptable indoor environment [9] . This high energy consumption is mostly related to poor thermal performance of building envelope [10] . Therefore, the thermal performance of the building envelope is one of the most important determinants of the building's energy consumption.
Previously, various research attempts were made to incorporate agricultural wastes in clay brick materials. Adding organic fibres from agricultural wastes in clay bricks reportedly can improve the mechanical properties and flexibility of bricks as well as their thermal properties [11, 12] . In light of the above, this study investigates the use of three different agricultural wastes to improve clay brick thermal properties. Empty fruit bunch (EFB), coconut fibre (CF) and sugarcane bagasse (SB) were tested as additive materials to clay soil in order to produce low thermal conductivity clay brick which would help reduce heat transfers through the building wall.
EXPERIMENTAL Preparation of Raw Materials
Clay soil was collected from Kilang Yong Peng Batu Bata Sdn. Bhd., Parit Yanni at Batu Pahat, Johor. Clay soil particle was grounded into approximately 1 mm size, and soil classification was carried out according to the BS 1377 -2: 1990 [13] . A constant and fine sized soil particle will be able to create high plasticity of soil clay mixture.
Empty fruit bunch (EFB) was collected from Ladang Teres Mill, Kulim Plantation (M) Sdn. Bhd, Kluang, Johor. The EFB underwent the grinding process. A milling jaw crusher was used for this purpose. Later, using a crusher machine, the EFB were cut into smaller sized particles, and at the end of the process, these EFB were sieved to a uniform size of 3 mm.
Sugarcane Baggasse (SB) is a waste that is easily obtained from stalls selling sugarcane juice in the surrounding areas of Parit Raja, Batu Pahat, Johor. The SB was ground using a crusher machine and sieved to produce 2 mm size particles.
Coconut fibre (CF) was collected from Baja Sarjani (M) Sdn, Bhd., a company in Sri Medah, Batu Pahat, Johor. The CF were ground into smaller size. The control of CF size was controlled at size under 2 mm sieve pan for mixture clay bricks. The Ordinary Portland Cement (OPC) was used in this study for about 10% based on trial mix. Cement serves as a binder to the mixtures [14] .
Mixing Composition
There are four types of fired clay bricks manufactured for the purpose of this study, namely EFB brick, SB brick, CF brick and the control brick (CB). To produce the respective bricks, the base mixture of clay soil, cement and water were weighed and mixed using an automatic mixer. The EFB, SB and CF were then added to the mixture; the composition being 2.5%, 5%, 7.5% and 10% of the respective wastes in the mixture. The mixing percentages used in the production of the end products were based on the dry weight of brick sample which is 3.0kg. While mixing the mixtures, the drop ball test was carried out to check the optimum water content. Upon completion of the mixing process, the mixtures were pressed into 215 mm x 102.5mm x 75 mm sized moulds using a stabilized earth block machine with a pressure between 900 -1000 psi.
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The drying process is an important stage to execute in order to avoid brick cracking and distortion during the firing stage [15] where they were subjected to intensely high temperature. The newly-produced raw bricks were dried and weighed before being fired. They were then dried naturally for 24 hours at room temperature before being parched further in a 105 °C oven for another 24 hours to make sure there was no moisture in them before the firing process. The bricks underwent the firing process at Kilang Yong Peng Batu Bata Sdn. Bhd. The firing process was done in a tunnel kiln for 24 hours to a temperature of 850 0 C -1050 0 C. The temperature in the tunnel kiln was incrementally adjusted upwards in stages. This was to avoid severe cracking of the bricks due to non-uniform heat propagation.
Physical and Mechanical Properties
All manufactured samples were tested for physical, mechanical, and thermal properties. The tests were conducted according to the BS 3921:1985 [16] , MS 76: 1972 [17] and ASTM C 518 [18] for thermal property and thermal conductivity was carried out at MPOB laboratory.
RESULTS AND DISCUSSION

Geotechnical Properties
The Geotechnical tests, including liquid limit (LL), plastic limit (PL), optimum moisture content and soil classification were carried out according to the BS 1377-2: 1990 [13] . The properties of the soil used in producing the fired clay brick are as shown in Table 1 .
Chemical composition
Material characterization for clay soil, CF, SB, EFB and OPC were carried out to determine their main chemical components. Table 3 shows the result of X-ray Fluorescent (XRF) test that was carried out. For clay soil, the result shows that SiO 2 in clay soil is highest compared to other chemical composition at 57.5%, followed by Al 2 0 3 at 19.50%. These two components are very important because they are able to improve the properties of the bricks particularly the strength characteristics of clay [19] . Dry density Figure 1 shows the dry density of fired clay bricks after it had undergone the firing process. The result showed that the control bricks had higher density at 1,956kg/m 3 compared to other clay bricks that used agricultural waste fibers as an additive. The higher the percentage of fiber added, the lower was the density because the natural fibres tend to burn away at high temperature during the firing process. The density of SB bricks dropped drastically from 1,612 kg/m 3 (2.5% waste) to 1,164 kg/m 3 (10% waste); an almost 28% reduction in density. The density of bricks could vary between 1,300 kg/m 3 to 2,200 kg/m 3 [20] . Therefore, based on this reference, most the manufactured bricks are within the limit except for the SB brick with a 10% waste. 
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Shrinkage Figure 2 showed the varying values of brick shrinkage during the drying and firing process. This result showed that without the addition of any fibres to the brick, as in the control brick, the shrinkage was much higher (5.16%). The decrease in shrinkage could be due to the increasing percentage of fibre in the bricks. The natural fibre material managed to stabilise the drying and firing behaviour to the clay body brick. Incorporation of fibre tends to reduce the shrinkage. A decreased in shrinkage was observed with the increased of fibre proportion. Most of the respective brick for total shrinkage values, however, still complied with the preferable shrinkage properties of 2.5% to 10% [21] .
Water Absorption
As could be seen in Figure 3 , there was a direct correlation between an increased in percentage of waste and a decreased in water absorption and as well as the density of the bricks. Based on the American Standard of Testing Material (ASTM) C67 -94: 1986 the percentage of water absorption should not be more than 18% by weight [22] . Therefore, based on this standard requirement, most of the respective bricks were beyond the water absorption limit except for the control brick. Generally, water absorption increases with the increased in waste proportion. Waste was burned during the firing process leading to greater porosity. An increased in waste proportion could cause porosity and water absorption. The result of this study had reported that the presence of dried fibers and void the inside brick had tendency to absorb water during immersion of the brick [23] . Figure 4 showed the result of compressive strength of respective fired clay brick. The minimum requirement for a brick wall should be not less than 5 N/mm 2 [8;16] . This means that only EFB brick with 2.5% (7.6 N/mm 2 ) and 5% (5.5 N/mm 2 ); SB brick with 2.5% (7.3 N/mm 2 ), and CF brick at 2.5% (6.5 N/mm 2 ) meet this requirement. The common minimum values recommended for characteristic compressive strength for non-load-bearing solid fired clay bricks were 3 to 5 MPa [24] . 13 
Compressive Strength
Thermal Conductivity
The thermal conductivity of the clay brick was important for thermal insulation purposes. Heat will flow faster through materials that had higher conductivity. On the other hand, materials that had lower conductivity would be suitable as thermal insulators. Figure 5 showed the effect of thermal conductivity by the percentage of waste. The use of waste as an additive was effective in decreasing the thermal conductivity. The results revealed that thermal conductivity decreases with an increased in waste proportion. An increased in waste proportion would decrease the density and increased the porosity. The higher the porosity, the lowered the thermal conductivity, thus improving the thermal insulation of the materials.
FIGURE 5. Effect of Thermal conductivity by Percentage of Waste
CONCLUSIONS
The thermal properties of wall building materials have a significant role in determining the thermal behavior of buildings. Therefore, selecting a low thermal conductivity of brick wall is of considerable importance in creating energy efficient buildings that consume less energy to maintain comfortable conditions in enclosed spaces. In this study, agricultural wastes had been used as additive materials in a clay soil mixture to produce low thermal conductivity clay brick. Results showed that the mixing of additives improved the insulation properties of the bricks as shown by their low thermal conductivity value. The employment of recycling agricultural waste as pore forming additives could lead to an industrial scale advantage and this could be a prospective area of continuing research in the brick industry. More importantly, the mechanical property of the EBF brick that incorporates 5% of the additive was significantly enhanced and showed higher performance than other waste alternatives. Overall, the selection of 5% of EFB additive was the most effective application that meets the level required by the standard. The next stage of research work was to build a small scale model house to compare the thermal performance of EFB waste clay brick versus the control brick. 030005-6
